Summary. A simple necessary condition for the stability of a linear dynamic system with elastic and damping characteristics which vary periodically with the same period is derived. General explicit necessary and sufficient conditions for stability are then developed for a double-pulse system. Such a system can be characterized by a pair of eigenvalues, or complex frequencies, corresponding to each half-period, and the stability of this system depends only on these complex frequencies. It is shown that a necessary, though not sufficient, condition for the stability of any such system is that the arithmetic mean of the real parts of all four of the complex frequencies over an entire period be negative or zero. This is shown to be true, more generally, for an n-pulse system. The physical significance of the results is discussed, and numerical examples are given.
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Introduction. A variety of physical phenomena1 are characterized by a linear homogeneous differential equation with periodic coefficients. Sometimes the chief interest is in the stability of the solutions of such equations, rather than in the solutions themselves. If the system which these equations characterize is such that the coefficients vary (periodically) by changing discontinuously from one constant value to another one or Fig. 1 ) it is called a "double-pulse".
In cases in which the periodic coefficients do not vary as rectangular pulses, it is often possible to obtain approximate or at least qualitative solutions by replacing these coefficients by either double pulses or four pulses.2 This type of approximation has, in fact, been recently applied.3
The purpose of this paper is to present explicit stability criteria for systems which can be represented by equations with periodic, especially double-pulse, coefficients for the damping as well as for the elastic characteristics. Such a system without damping has been analyzed in detail by Meissner4 and by Van der Pol and Strutt.5 Schwerin6 subsequently extended this investigation to systems with linearly varying characteristics. A particular double-pulse system with damping has also been investigated,7 without, however, attempts to derive explicit equations and conclusions for damped systems in general. The results obtained in the present analysis serve to present useful theorems of physical interest, to demonstrate some significant conclusions which might not be readily foreseen without the mathematical analysis, and to facilitate any actual stability calculations based on the double-pulse method.
General theory. The free motion of a linear dynamic system with spring stiffness k and damping coefficient / varying periodically with time, with period 2ir. can be represented by the equation:
2B. Van der Pol and M. J. 0. Strutt, op. cit.
SG. Horvay and S. W. Yuan, Stability of rotor blade flapping motion when the hinges are tilted. Generalization of the "rectangular ripple" method of solution, J. Aero. Sci., 14, 583-593, (1947 Bauzeitung, 1918 Bauzeitung, , p. 95 (1918 where x(t) denotes displacement, the primes denote differentiation with respect to the time t, and fit) and kit) are functions having the period 2ir. By letting
Eq.
( 1) can be transformed into the form
where kji) has the period 2x. By Floquet's theory8 at least one particular integral of Eq. (3) is of the form
where 4>{i) is a function with the period 2%, and n is a definite constant. From this it can be shown that a second independent integral of Eq. (3) must have the form
where has the period 2x. From Eq. (2), and from the fact that, due to the periodicity of /(<),
say, it follows that the solutions Xi{t) and x2(t) of Eq. (1), corresponding to i\ and v3 respectively, will satisfy the following relations, regardless of the time t:
where and u2 are constants given by
The general solution of Eq. (1) can be written as
where Ax and A2 are arbitrary constants. The dynamic system may be defined as stable when both of its component free motions x'i and x2 subside with time, and unstable if either of these motions amplifies with time. From Eqs. (6a) it then follows that the system will be stable if | o-j | < 1 and | <t2 | < 1, while the system will be unstable if either | <rx \ > 1 or | cr21 > 1. The case ] o-j | = 1 and | <r2 \ = 1 may be defined as one of neutral stability.
Equations (6b) imply that ow2 = exp ( -C). Hence in order that both | crt } < 1 and | <j2 | < 1, it is necessary that C > 0. This can be expressed by the following theorem:
Theorem I: A necessary condition for the stability of a dynamic system characterized by an equation of the form (1) [Vol. X, No. 1 Physically this condition can be interpreted as requiring that the average value of the periodic damping coefficient /(1) during any period must be non-negative. Thus, for stability, there must in the average be a positive damping force. Double-pulse system. To investigate, in particular, the stability of a double-pulse system with damping, let /(t) and k(t) vary periodically in the manner of Fig. 1, i .e. let f = f i and k = kx for 0 < t <x, while / = f2 and k = k2 for ir < t < 2ir; the constants /i , f2 , k^ and k2 may be positive or negative. Then Eq. (1) can be solved for each of the two time-intervals as a linear equation with constant coefficients. The solution can be expressed as:
where the C,-and C, are arbitrary constants, the p, and p, are constants given by:
The Pi and p, are essentially eigenvalues corresponding to each half-period of variation of the damping and elastic coefficients, and are sometimes called "complex frequencies". Their physical interpretation follows from Eqs. (8). Thus, if a system were characterized by constant dynamical coefficients leading to a (single) pair of complex conjugate values for p and p, then the system would oscillate freely with a natural frequency proportional to the imaginary part of p or p, and would be damped out with a logarithmic decrement directly proportional to the negative of the real part and inversely proportional to the imaginary part of p or p. A system with constant coefficients characterized by a single pair of real values of p and p would be non-oscillatory and would be stable if both p and p are negative, but unstable if either p or p is positive. For convenience, the negatives of the real parts of p, and p, will here be called "damping factors".
The arbitrary constants C,-and C',-in Eqs. (8) are related by the two conditions of continuity of displacement x and velocity x at t -t. Moreover, the following two additional conditions can be prescribed:
where c is a constant, to be determined. It can be shown from Eqs. (2), (4a, b) and (7) that by satisfying conditions (10), initial conditions are implicitly prescribed so that A2 or Ai in Eq. (7) will be zero,9 and so that consequently the two values of <r which will thus be obtained will correspond exactly to and a2 respectively of Eqs. (6b). By applying the continuity conditions and conditions (10) to Eqs. (8) a set of four linear homogeneous equations in Ci , Ci , C2 and C2 is obtained. The condition for the existence of a non-trivial solution to these equations leads to a determinantal equation, which when expanded can be written in the form:
where "This fact, although implied, often appears not to be clearly stated in the literature. Case I. Two pairs of complex conjugate eigenvalues:
Case II. Two pairs of real eigenvalues:
Case III. One pair of complex conjugate, and one pair of real eigenvalues:
For any given double-pulse system, the stability characteristics can be quickly and straight-forwardly determined by calculating the p,-and p,-from Eqs. (9), evaluating N and M by means of the appropriate pair of expressions from the set (14a, b), (15a, b) and (16a, b), and then obtaining the two values of a from Eq. (13). It should be noted that these calculations will always involve only real quantities.
From Theorem I it follows that for stability of a double-pulse system it is necessary that (fx + /2) > 0. According to Eqs. (9), this is equivalent to the following theorem:10 Theorem II: If a double-pulse system is characterized in one half-period by eigenvalues Pi and Pi and in the other half-period by eigenvalues p2 and p2 , then a necessary condition that the system be stable is that the arithmetic mean of the real parts of Pi , Pi , p2 and p2 be negative or zero. Alternatively, a sufficient condition that the system be unstable is that the arithmetic mean of the real parts of Pi , Pi , p2 and p2 be positive.
By virtue of Theorem I and of relations of the form (9) it can be quite similarly proven that Theorem II is valid more generally for an n-pul.se system. Moreover, it similarly follows that if during any period of an n-pulse system, f(t) assumes constant values fi , f2 , • ■ ■ , fn during unequal time-intervals, then a necessary condition for stability is that the weighted mean of the real parts of the complex frequencies pl to pn be negative or zero, the weights being proportional to the time-intervals corresponding to each of the p's.
It may be noted that the above necessary condition for the stability of a doublepulse system is in a sense less stringent than that of a system with constant elastic and damping coefficients, since in the latter case it would be required that each damping factor be positive, and not merely the average of the damping factors. It must be observed, on the other hand, that the theorems derived here give only necessary, but not sufficient, conditions for stability. This follows essentially from the fact that although the conditions | o-i | < 1, | <r2 | < 1 always imply 0-^2 < 1, the converse is not necessarily true. As a consequence, a double-pulse system may be unstable even under conditions for which a constant-coefficient system would be stable. For example, it is well known that in the absence of damping forces a constant-coefficient system will be neutrally stable when the restoring force is positive (k > 0), leading to purely imaginary complex frequencies. However, as can be verified by putting ai = a2 = 0 in Eqs. (14a, b) and noting that values of &i and b2 (e.g. bt = 1.5, b2 = 0.5) exist for which | N \ > 2 and hence j <7 | > 1, a double-pulse system may in such a case be unstable.
From Eqs. (14) and (16) in conjunction with (13) it is seen that although the necessary condition for stability stated here involves only the damping factors, the necessary and sufficient condition involves the natural frequencies as well. This is partly in contrast to a system with constant damping and spring characteristics, where the stability depends exclusively on the damping factors. Considering, for example, Case I, which is in practice the most important case, it can be seen from Eqs. (14a, b) that a large positive value of (cti + a2) tends to keep the values of | N j and j M | far below unity, and hence strongly tends to make the system stable. This result appears quite reasonable on physical grounds. Nevertheless, it will be found that for any given value of (g^ + a2), i.e. for any given amount of damping in the average, there will exist values of the fre10The theorem which follows could also be directly derived by noting that for stability it is necessary that | M | <1, and by using the expressions (14b), (15b) and (16b) for M. quency ratio bi/b2 for which the system will be unstable. This can be verified by observing that for any given positive value of (ai + a2), however large, sufficiently large values of bx/b2 (or b2/b1) can be found for which [ N | as given by Eq. (14a) will be large enough to make at least one of the roots in Eq. (13) greater than unity in absolute value. It may be noted that in either of the above two numerical examples, it might have been difficult to predict in advance the stability or instability of the given system. Conclusions 1. A necessary condition for the stability of a linear dynamic system with damping coefficient j(t) and elastic coefficient both varying periodically with the period 2x is /' Jo 2 r f(t) dt > 0.
2. In particular, a necessary condition for the stability of an n-pulse system is that the weighted arithmetic mean of the real parts of the 2n "complex frequencies" characterizing the system during any period of the variation of the damping and elastic coefficients be negative or zero. The weights must be proportional to the time-intervals, of any period, corresponding to each of the complex frequencies. For equal time-intervals, of course, the simple arithmetic mean is taken. The case n -2 with equal time-intervals ("double-pulse"), was of especial concern here. 3. Contrary to systems with constant damping and elastic coefficients, the necessary and sufficient condition for the stability of a double-pulse system depends, in general, not only on the damping factors, or (negative) real parts of the complex frequencies, but also on the natural frequencies, or imaginary parts of the complex frequencies. Moreover, contrary to a system with constant coefficients, a double-pulse system can be stable even when not each of the damping factors is positive or zero.
4. The stability characteristics of any given double-pulse system with (positive and/or negative) damping can in practice be quickly calculated from the equations developed here.
